Abstract Atherosclerotic lesions were induced in rhesus monkeys by feeding a high-saturated fatty acid and highcholesterol diet. After 5.4 years the extent of fatty streaks and raised lesions was evaluated in one group of animals (group P) by visual estimation in 10 arterial segments and chemically in four arterial segments. The remaining animals were switched to a basal regression diet low in cholesterol but high in saturated fatty acids for up to 3.7 years. Regression of lesions was evaluated in one group for 1.9 years (group R4) and in another for 3.7 years (group R5) after deleting cholesterol from the diet. The atherogenic diet increased serum cholesterol levels in all animals from a mean of 150 mg/dL to a mean of about 430 mg/dL. The atherogenic diet produced lesions in group P in all arterial segments (involving up to 50% of the arterial intimal surface) and increased cholesterol content in four arterial segments (varying between 443 and 506 jig/cm 2 ). Switching to the basal regression diet decreased serum choles-I n the early 1970s we learned from pilot studies 1 that fatty streaks (FSs) could be induced predictably in rhesus monkeys (Macaca mulatta) by feeding an atherogenic diet for 12 weeks. We also evaluated the regression of these diet-induced FSs at intervals after deleting cholesterol from the diet by morphological and chemical methods. 28 These studies demonstrated that diet-induced FSs regressed as measured by morphological and chemical methods, but the arterial intima did not completely revert to "normal" structure and composition. 28 The results of such short-term studies of diet-induced atherosclerotic lesions raised a number of questions concerning the induction and regression of lesions. The most important question was whether in rhesus monkeys lesions induced over a longer period would resemble advanced human atherosclerotic lesions more closely than lesions produced in a shorter period. There also remained a question of whether diet-induced atherosclerotic lesions induced over a longer period would regress and what residual lesion(s) would remain. terol levels to normal after 12 to 18 weeks. The switch to the basal diet significantly decreased the extent of fatty streaks in most arterial segments in both groups. Although differences in the mean extent of raised lesions among groups were not statistically significant, 7 of 10 arterial segments in group R4 and 9 of 10 segments in group R5 showed a lesser extent of raised lesions than in group P. Cholesterol content was lower (/><.05) in all four arterial segments in group R5 than in group P. We conclude that in rhesus monkeys long-term diet-induced intimal fatty streaks in the aorta and other arteries regress toward normal intima morphologically and chemically after withdrawal of dietary cholesterol as elevated serum cholesterol levels return to normal. (Arterioscler Thromb. 1994;14:958-%5.) Key Words • atherosclerosis • fatty streaks • raised lesions, induced • arterial free and esterified cholesterol • regression • morphological and chemical evidence
Long-term Induction and Regression of Diet-Induced Atherosclerotic Lesions in Rhesus Monkeys

I. Morphological and Chemical Evidence for Regression of Lesions in the Aorta and Carotid and Peripheral Arteries
Jack P. Strong, Ashim K. Bhattacharyya, Douglas A. Eggen, Gray T. Malcom, William P. Newman HI, Carlos Restrepo
Abstract Atherosclerotic lesions were induced in rhesus monkeys by feeding a high-saturated fatty acid and highcholesterol diet. After 5.4 years the extent of fatty streaks and raised lesions was evaluated in one group of animals (group P) by visual estimation in 10 arterial segments and chemically in four arterial segments. The remaining animals were switched to a basal regression diet low in cholesterol but high in saturated fatty acids for up to 3.7 years. Regression of lesions was evaluated in one group for 1.9 years (group R4) and in another for 3.7 years (group R5) after deleting cholesterol from the diet. The atherogenic diet increased serum cholesterol levels in all animals from a mean of 150 mg/dL to a mean of about 430 mg/dL. The atherogenic diet produced lesions in group P in all arterial segments (involving up to 50% of the arterial intimal surface) and increased cholesterol content in four arterial segments (varying between 443 and 506 jig/cm 2 ). Switching to the basal regression diet decreased serum choles-I n the early 1970s we learned from pilot studies 1 that fatty streaks (FSs) could be induced predictably in rhesus monkeys (Macaca mulatta) by feeding an atherogenic diet for 12 weeks. We also evaluated the regression of these diet-induced FSs at intervals after deleting cholesterol from the diet by morphological and chemical methods. 28 These studies demonstrated that diet-induced FSs regressed as measured by morphological and chemical methods, but the arterial intima did not completely revert to "normal" structure and composition. 28 The results of such short-term studies of diet-induced atherosclerotic lesions raised a number of questions concerning the induction and regression of lesions. The most important question was whether in rhesus monkeys lesions induced over a longer period would resemble advanced human atherosclerotic lesions more closely than lesions produced in a shorter period. There also remained a question of whether diet-induced atherosclerotic lesions induced over a longer period would regress and what residual lesion(s) would remain.
We therefore conducted a study of lesions induced by feeding an atherogenic diet for 2 years, followed by regression for up to 1 year by withdrawing cholesterol from the diet. 9 After studying this 2-year lesion model 9 and a study by Clarkson et al 10 on regression of lesions induced over 38 months, we extended the period of lesion induction of the present study beyond 5 years.
In this report we describe the extent of atherosclerotic lesions induced in the thoracic and abdominal aorta and in eight other arterial segments as well as chemical findings in four arterial segments in rhesus monkeys fed a high-saturated fatty acid, high-cholesterol atherogenic diet (henceforth referred to as the atherogenic diet) for 5.4 years and the regression of these diet-induced lesions by feeding a high-saturated fatty acid, low-cholesterol diet (henceforth referred to as the basal diet) for up to 3.7 years.
Methods Animals
Eighty young male rhesus monkeys (Macaca mulatta) aged 1 through 3 years and weighing on average 2.4 kg were purchased from an animal importer who shipped them directly to the Delta Regional Primate Research Center (DRPRC) of Tulane University, Covington, La, for a 90-day quarantine period. One animal died during the quarantine period. Approximately 1 month after the quarantine period ended, the animals were caged individually. The study was approved by the Louisiana State University Medical Center (LSUMC) Institutional Animal Care and Use Committee.
Diet
The animals were fed ad libitum commercial monkey food (Purina Monkey Chow 25, Ralston Purina Co) for the first 2 months during the quarantine period. They were then fed a basal diet high in saturated fatty acids (approximately 38% of total calories provided by beef tallow and butter) and low cholesterol (0.02 mg/kcal). 9 This diet was formulated to have a nutrient composition similar to the average American diet" and provided protein at 15% and fat at 38% of calories with a polyunsaturated/saturated fat ratio of about .35. The atherogenic diet used during the lesion-induction period was the basal diet as described above with added crystalline cholesterol (USP) and 1.7% dried egg yolk powder to provide cholesterol content at 0.35 mg/kcal. During the lesion-regression period, the animals were returned to the basal diet. Thus, during the regression period the diet was low in cholesterol but remained high in saturated fatty acids.
During the basal, lesion-induction, and lesion-regression periods, the animals were fed twice a day amounts of food sufficient to maintain normal growth and body weight.
Experimental Design
The essential features of the experimental design are shown in Fig 1. After establishing baseline lipid values on the basal diet, the animals were switched to the atherogenic diet. At 3-to 16-week intervals throughout the study, the animals were sedated with ketamine 10 mg/kg IM to determine body weight and draw blood. Serum total cholesterol concentration was determined on all blood samples, and other analyses were performed on selected samples as described below.
The animals were assigned ranks based on the mean steadystate serum total cholesterol concentration determined by averaging 36 values between 12 and 204 weeks after beginning the atherogenic diet. Few animals died of undetermined causes at various times after beginning the atherogenic diet. Five animals with the lowest and five with the highest mean serum total cholesterol levels were selected as low-and high-responding animals, respectively, and were withdrawn from the study. The remaining animals continued receiving the atherogenic diet for a total of 279 weeks (approximately 5.4 years).
The assignment of animals to "progression" and "regression" groups was done as described 1 -2 and as used in our study of lesion induction over a 2-year period.
9 Thus, all groups had a uniform mean and distribution of steady-state serum cholesterol concentration measured during the "progression" period, obviating the need to adjust for this variable in statistical analyses of differences between groups. To obtain a group of n animals, the pool of animals available was ranked on the variable and divided into n groups. One animal was selected randomly from each group and assigned to the "progression" or "regression" group. A group of 15 animals (progression group, group P) was thus selected from 64 animals and was necropsied 279 weeks after beginning the atherogenic diet. The remaining animals were divided into the "regression" groups. These animals were switched to the basal diet, which was high in saturated fatty acids, thus providing the same percent of total calories as the atherogenic diet, but low in cholesterol (only 0.02 mg/kcal versus 0.35 mg/kcal in the atherogenic diet). The animals in regression groups R4 (n=13) and R5 (n=14) were necropsied at 101 weeks (about 1.9 years) and 191 weeks (about 3.7 years) after the switch to the basal diet. The mean steady-state serum total cholesterol concentration for each of these animals during the basal-diet period was determined by averaging 9 or 12 serum cholesterol values determined beginning 12 weeks after starting the basal diet and until the animal was killed.
Terminal Procedures
The animals were transported to the Department of Animal Care at the LSUMC a few days before necropsy. After an overnight fast, each animal was sedated with ketamine (100 mg/kg IM) and a terminal blood sample was obtained. The animal was killed with an overdose of pentobarbital (65 mg/kg IV), and a complete necropsy was performed.
The descending aorta was excised and flushed with cold saline. Fat and other adhering tissue were removed from the adventitia. The aorta was opened with a longitudinal incision along the dorsal line and divided into left and right halves by cutting along the ventral line. The left half was then immersion-fixed in buffered formalin, stained with Sudan IV, and sealed in transparent plastic bags for gross evaluation of atherosclerotic lesions. The right lateral half of the aorta was divided into descending thoracic and abdominal segments by transection at the first paired intercostal arteries and at the proximal margin of the celiac orifice. After photographs were taken for surface area determination by digitization (used to express cholesterol content of the arterial segment; see below), these artery segments were wrapped in aluminum foil and stored at -70°C for chemical analyses for free and esterified cholesterol. In addition, the proximal 5 cm of the right brachial and right iliac-femoral arteries were also excised, photographed, and frozen at -70°C for chemical analyses as described above.
The left carotid artery including the carotid sinus, the internal and external carotid arteries (at least 1 cm beyond the carotid sinus), and left brachial, left common iliac-femoral, left and right renal, and celiac and superior mesenteric arteries were also excised, cleaned, opened longitudinally, fixed in buffered neutral formalin, stained with Sudan IV, and stored in transparent plastic bags for gross evaluation of atherosclerotic lesions.
Gross Evaluation of Atherosclerotic Lesions
The fixed Sudan IV-stained arterial segments were visually evaluated for surface involvement with FSs and raised lesions (RLs) by methods that have been tested extensively for consistency and reproducibility. 12 - 13 The 10 arterial segments evaluated in this fashion were the left half of the descending thoracic aorta, left half of the abdominal aorta, left common carotid artery, left carotid sinus 5 mm proximal and 5 mm distal to the flow divider, the proximal 5 cm of the left brachial and left iliac-femoral arteries, and the celiac, superior mesenteric, and left and right renal arteries.
Radiography of Arterial Segments
Radiographs were obtained for the fixed, flattened arterial segments using soft x-rays (15 kV) 14 and were evaluated along with the actual arterial specimen sealed in a transparent plastic bag.
Chemical Analyses
Serum total cholesterol concentration was measured in the Autoanalyzer II (Technicon Instruments Corp) by using isopropanol extraction followed by a colorimetric reaction with modified Lieberman-Burchard reagent. 15 Free and esterified cholesterol contents were determined and expressed as micrograms per square centimeter for the right lateral half of the thoracic and abdominal aortic segments and for the right brachial and iliac-femoral arterial segments. In the thoracic and abdominal aortic segments, the adventitia was stripped by blunt dissection, and the intima-media preparation was used. In the brachial and iliac-femoral arterial segments, excess fat or connective tissue was stripped off, and chemical analyses were performed on the total arterial wall including the remaining adventitia.
The arterial preparations were freeze-dried under vacuum and weighed. The dry tissue was minced in a homogenizer with chloroform/methanol (2:1, vol/vol), and lipid was extracted by the method of Folch et al. 16 The extracts were evaporated under vacuum. Gas-liquid chromatography of the trimethylsilyl ether derivatives was used to determine free cholesterol in one aliquot. After saponification with alcoholic potassium hydroxide, total cholesterol was determined in another aliquot. 9 Cholestane was used as the internal standard. Esterified cholesterol was determined by difference.
Statistical Analyses
Standard descriptive statistics, Student's t test, ANOVA, and Duncan's multiple range test were done using the SAS program (The SAS Institute).
Results
The body weights (mean±SD) of the animals in groups P, R4, and R5 at the time of receipt were 2.4±0.3, 2.6±0.5, and 2.3±0.4 kg, respectively. When the animals began the atherogenic diet, body weights in groups P, R4, and R5 were 2.7+0.3, 3.0±0.5, and 2.8±0.6 kg, respectively. At autopsy, the body weights in groups P, R4, and R5 were 9.7±2.0, 9.2±1.3, and 8.3 ±1.3 kg, respectively. None of these differences were significant. During the first several years of the study, all animals gained weight at a rate sufficient to indicate a normal growth pattern; thereafter, the animals maintained body weight until autopsy.
The mean steady-state serum total cholesterol concentrations in each diet period are shown in Table 1 . Steady state was usually attained within 12 to 18 weeks after beginning the atherogenic diet and again 12 to 18 weeks after returning to the basal diet. Serum cholesterol concentration increased (P<.05) with the atherogenic diet in all animals in groups P, R4, and R5. There were no significant differences in mean steady-state serum cholesterol concentration among the groups during any diet period. After return to the basal diet, serum total cholesterol concentration in groups R4 and R5 decreased (P<.01) and returned to basal level. Table 2 shows the mean extent of FSs and RLs induced in the 10 arterial segments in group P after feeding the atherogenic diet for 5.4 years. In the thoracic and abdominal aorta, FSs covered an average of 50% and 45% of the total arterial surface, respectively. In the other arterial segments, the arterial surface covered by FSs ranged from 8% to 43%. The mean extent of RLs in the 10 arterial segments varied between 1% and 14% of total surface.
Extent of Lesions After 5.4 Years of the Atherogenic Diet
Extent of Lesions After Regression for up to 3.7 Years
Table 2 also shows that the mean extent of FSs in 7 of 10 arterial segments was lower (P<.05) by 61% to 89% in group R4 than in group P. In the left common carotid and the left and right renal arteries, the extent of FSs was lower by 33%, 56%, and 57%, respectively (P=NS), in group R4 compared with group P. Except for the left renal artery, all arterial segments from group R5 had a significantly lower extent of FSs (by 79% to 89%) than those from group P. In the left renal artery the extent of FSs was lower by about 86% (P=NS).
Although the means in the extent of RLs among arterial segments between groups P and R4 and between P and R5 were not significant, 7 of 10 arterial segments from group R4 showed a lesser extent of RLs than those from group P. Thoracic and abdominal aortic segments and the iliac-femoral artery showed a greater extent of RLs in group R4 than in group P (Table 2) . Similarly, 9 of 10 arterial segments showed a lesser extent of RLs in group R5 than in group P; only the iliac-femoral artery showed a greater extent of RLs in group R5 than in group P ( Table 2) . Table 3 shows the number of animals in different groups in which we radiographically observed calcified lesions. After lesion regression there were more regression group animals than group P animals with calcified lesions in the abdominal aorta, carotid sinus, and iliacfemoral artery. Table 4 shows the mean free, esterified, and total cholesterol contents (in micrograms per centimeter squared of the arterial surface) of the thoracic and abdominal aorta and brachial and iliac-femoral arteries in the three groups. In the 4 arterial segments from group P, free cholesterol content varied between 224 and 297 /xg/cm 2 ; esterified cholesterol content, between 183 and 280 /xg/cm 2 . After regression, both free and esterified cholesterol content decreased (f<.05) in 3 of 4 arterial segments from group R4 and in all 4 segments from group R5 compared with group P. Total cholesterol content in group R5 varied between 16% and 31% of that in group P. Statistical significance among arteries: By one-way ANOVA, FS differs (P<.05) among arteries in groups P and R4; RL and Total differ (P<,05) among arteries in groups P, R4, and R5. By Duncan's multiple range test, FS in group P in thoracic aorta is higher (P<.05) ttian in left common carotid, left iliac-femoral, and left and right renal arteries; FS In abdominal aorta is higher (P<.05) ttian in left and right renal arteries only. In group P, RL in thoracic and abdominal aorta is lower (P<.05) than In left carotid sinus, and RL in thoracic aorta is lower (P<.05) than in brachial artery. In group R5, RL in thoracic and abdominal aorta is lower (P<.05) than In left carotid sinus and left iliac-femoral artery.
group (group P) of the present study. The extent of both FSs and RLs induced was not significantly different within arterial segments between the two studies. Fig 2  (bottom) also compares the free and esterified cholesterol contents of 4 arterial segments from the same two groups. Free and esterified cholesterol contents in the thoracic and abdominal aortic segments were similar in both studies, but the mean free and esterified cholesterol contents of the right brachial and iliac-femoral arteries were nonsignificantly greater in the 5-year study. Fig 3 shows mean changes in percent of surface involvement with FSs and RLs in 6 arterial segments (top) and in free and esterified cholesterol contents in 4 arterial segments (bottom) in the 1-year regression group of the 2-year lesion-induction study 9 and groups R4 and R5 of the present 5-year study, which underwent regression for 1.9 and 3.7 years, respectively. In all arterial segments, with the exception of the left carotid sinus, the decrease (ie, regression) in the extent of FSs was greater in groups R4 and R5 than in the 1-year regression group of the 2-year lesion- induction study. The mean decrease in the extent of RLs was greater in group R5 of the present study than in the 1-year regression group of the previous 2-year study in 5 of the 6 arterial segments. The decrease in free cholesterol content in thoracic aorta and brachial and iliac-femoral arteries was greater in groups R4 and R5 than in the 1-year regression group of the previous study, and in the abdominal aorta, the decrease was greater in group R5 of the present study than in the 1-year regression group of the previous study. The decrease in esterified cholesterol content in two peripheral arteries (brachial and iliac-femoral) was greater in groups R4 and R5 than in the 1-year regression group of the previous study.
Discussion
This is the only study in which atherosclerotic lesions were induced by feeding a high-saturated fatty acid and high-cholesterol atherogenic diet for over 5 years. We expected that lesions induced over this long period would resemble the advanced atherosclerotic lesions commonly seen in elderly humans, which are typically more fibrous and have more complications, such as calcification, ulceration, and thrombosis. Our expectation was only partially fulfilled. In the thoracic and abdominal aorta, the induced lesions were primarily FSs; very few RLs developed even with the comparatively long lesion-induction period. A greater extent of RLs was, however, induced in other arterial segments, particularly in the carotid sinus and the brachial and iliac-femoral arteries (Table 2 ). This observation should be kept in mind when studying angiographically the regression of atherosclerotic lesions in peripheral arteries in humans because angiographically visible lesions are usually RLs. Moreover, peripheral arterial disease apparently is not related to the major risk factors in the same way that coronary atherosclerotic disease is. 1719 The extent of arterial surface with induced atherosclerotic lesions was similar in different arterial segments from the lesion-induction groups of both the earlier 2-year study 9 and the present 5-year study (Fig  2) . Free and esterified cholesterol contents in thoracic and abdominal aortic segments were also similar. In the brachial and iliac-femoral arteries, both free and esterified cholesterol contents were nonsignificantly higher in the 5-year study. These observations suggest that in this nonhuman primate model neither accumulation of cholesterol nor the extent of lesion development continues beyond 2 years of feeding the atherogenic diet.
Thus, it appears that in rhesus monkeys there is a limit to which the arterial intimal wall accumulates cholesterol and develops the FSs and advanced lesions of atherosclerosis. In other words, in this primate species the progression of lesions with hypercholesterolemia apparently reaches a plateau.
After the 1.9-year regression period, most arterial segments showed regression of FSs; after the 3.7-year regression period, all 10 arterial segments showed unequivocal FS regression (Table 2 ). In contrast, the extent of RLs was nonsignificantly higher in the thoracic and abdominal aortic segments and in the iliac-femoral artery after the 1.9-year regression period (Table 2) . RLs in 9 of the 10 arterial segments, with the exception of the iliac-femoral artery, were nonsignificantly lower after the 3.7-year regression period (Table 2) . FSs, which by definition are more cellular, with lipid-laden macrophages and smooth muscle cells, are apparently metabolically more active and thus clearly capable of removing accumulated lipid from the arterial wall. But RLs, which are more fibrous, with areas of necrosis and complications such as calcification, are probably less metabolically active, thus making the removal of accumulated lipid from the arterial wall more difficult.
More regression group animals showed lesion calcification in the abdominal aorta, carotid sinus, and iliacfemoral artery than group P animals (Table 3) ; this calcification occurred in areas of the arterial wall with RLs. Because calcium content in the arterial wall increases with lesion regression, 20 withdrawal of dietary cholesterol may not prevent conversion of some existing lesions to calcified lesions. This response probably represents dystrophic calcification in necrotic lesions rather than progression of lesions.
Free and esterified cholesterol contents decreased significantly in aortic segments and in the brachial and iliac-femoral arteries in group R5 compared with group P (Table 4 ). The proportional decline in esterified cholesterol content during regression exceeded that of free cholesterol; this was expected, since free cholesterol is a component of the cellular structural lipid and thus is a normal constituent of the arterial wall. The average free cholesterol (91 ^,g/cm 2 ) and esterified cholesterol (39 /xg/cm 2 ) contents for the four arterial segments were not significantly different from the average of the four arterial segments in the control group of our previous 2-year induction study (free, 64 /xg/cm 2 ; esterified, 13 ^ig/cm 2 ); these control animals were fed the same basal low-cholesterol, high-saturated fatty acid diet for nearly 3 years. 9 Since accumulation of esterified cholesterol is the hallmark of atherosclerotic lesions, particularly FSs, the decrease in cholesterol content is expected with the decrease in the extent of FSs in these arterial segments. RLs, although cholesterol rich, are more fibrous, often with a necrotic core and calcification as well as other components. Thus, simple removal of lipids may not produce obvious RL regression. When cholesterol is removed from the diet to induce regression of lesions, collagen and other fibrous proteins and minerals, particularly calcium, accumulate within lesions. 34 Thus, although both free and esterified cholesterol are removed from the arterial wall during regression, other chemical components are left behind that change the composition of the lesions. We speculate that regressed RLs may become smaller, thus covering less area on the arterial surface, and may decrease in thickness, thus reducing the encroachment of the arterial lumen.
RL extent was nonsignificantly greater in the thoracic and abdominal aortic segments and in the iliac-femoral arterial segment after the short 1.9-year regression period. This result may be interpreted as progression of lesions. Yet at the end of the 3.7-year regression period, thoracic and abdominal aortic segments and carotid sinus and other peripheral arterial segments (with the exception of the iliac-femoral artery) showed less RL extent than group P (Table 2) , indicating regression of RLs. The apparent progression of RLs in the iliacfemoral artery during the long 3.7-year regression period occurred even though both the free and esterified cholesterol contents of this arterial segment had markedly declined (Table 4) Ideally, regression of atherosclerotic lesions should mean return of the arterial wall to its normal, prediseased state. In our study, however, the arterial segments returned neither morphologically nor chemically to their prediseased natural state. These results agree with our previous studies 2 -7 -9 and those of other investigators.
10 -2232 Thus, the most important question still lingers: is regression of atherosclerosis ever "complete" even under the most favorable conditions, including longer periods of normal or low serum cholesterol levels? Experimental evidence to date strongly suggests that regression of atherosclerotic lesions does not include a reversion of the arteries to a prediseased normal state; residual changes remain for a long time, even after removal of dietary and hyperlipidemic stimuli. In summary, our study demonstrated that long-term diet-induced FSs and to some extent RLs in the aorta and the carotid and other peripheral arteries (with the exception of the iliac-femoral artery) regressed morphologically and chemically after removal of dietary cholesterol. The regression of lesions was associated with removal of cholesterol, especially esterified cholesterol, from arteries. This lesion regression was evident even after the shorter 1.9-year basal-diet period. We conclude that atherosclerotic lesions induced in the aorta and most peripheral arterial segments by feeding an atherogenic diet for long periods will regress significantly after withdrawal of dietary cholesterol as the elevated serum cholesterol level reverts to normal.
